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INTRODUCTION: 

The property of ion exchange and oxchange reaction mechanisms in 
soil are of great fundamental and practical importance to the engineer 
concerned with the use of soil as an engineering material. This property 
of soil has been little understood and consequently neglected by many 
engineers in the past. In the past 20 years of rapid growth of the field 
of Soil Mechanics the greatest emphasis has been placed upon determination 
of more or less "physical" characteristics of soil masses such as shear, 
compaction, swelling, gradation, frost heave, permeability, stability, 
durability, consolidation and other properties intimately connected with 
use of the soil in engineering. This investigation of physical properties 
was, is, and will continue to be a necessary part of the field of soil 
mechanics; however, concurrently with such an investigation a study of 
the fundamental properties of the soil responsible for the physical 
engineering properties must be carried out. <A survey of soil mechanics 
literature will indicate that this phase of the field has boon, toa 
large extent, neglected. 

Current literature indicates that the importance of the fundamental 
properties of soil in engineering is being emphasized as it is recognized 
that only in this approach can the "physical" properties be fully under- 
stood and better use made of the soil in engineering. 

Investigations of the basic properties of soils have been carried 
on for many years by agriculturists, ceramicists, mineralogists and 
physical chemists. The results of these investigations can provide much 


of the basic information necessary to provide a more clear understanding 
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of the underlying factors affecting the engineering properties of soil. 
This information can also suggest many specific investigations necessary 
to determine more fully the exact effect of various factors on soil 
behavior in engineering practice. 

This thesis is an attempt to correlate and evaluate the results of 
investigations already made on the subject of the effect of ions on soil 
properties. This correlation would normally be made in preparation for 
an extended program of research into the subject. Time does not permit 
the following up of the results of correlation by actual laboratory in- 
vestigation, however, the various outlines of research necessary will 
perimit this to be done intelligently in the future. Undertaking a 
particular line of investigation in ion exchange without adequate know- 
ledge of techniques, previous work, and underlying theory would result 
in erratic results subject to misinterpretation. It will be noted, in 
reference to various work previously performed, the pitfalls and mis- 


interpretation which can result from inadequate knowledge. 





BASIC THESIS: 

The basic propostion is offered, and herein defended, that ions 
within a soil mass influence the engineering properties of the soil 
mass to varying degrees. The degree of influence is dependent upon 
factors within the soil mass which will be herein examined. The term 
"Sons" shall include cations and anions, both inorganic and organic. 
The organic ions shall include those organic compounds which are not 
"ions" in the strict sense cf the term but exhibit properties cf ions. 
The term "soil mass” shall include all loose mineral grain aggregates 
above the rock mantle of the earth, together with any natural material, 
inorganic or organic contained in these aggregates. "Engineering 
properties" of the soil mass shall be any property which will in any 
manner affect its use as an engineering material. 

It is a primary aim of this thesis to clearly demonstrate the basic 
fact that ions influence the properties of soil before and during soil 
formation, and thruout the history of the soil, until final use as an 


engineering material. 
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SC OFE : 

In order that the relationship of ions to soil may be more clearly 
understood, all phenomena in any way connected with these relationships 
must be presented and examined. As will be pointed out, in a natural 
soil mass the factors which may have a bearing on the type of ions 
present, and their relation to the soil, vary widely and must be eare- 
fully determined and evaluated for each particular soil. 

The genesis of soil masses, soil decomposition factors, basic com- 
position and variations in composition of the pertinent soil minerals, 
will be presented and possible effects on ionic phenomena discussed, 

The physical characterisitcs of soil constituents, such as particle 
size, shape of particle, effect of specific surface of particles ané 
soil structure, are intimately correlated with ionic phenomena and will 
be considered in connection with the particular phases with which they 
are concerned. Water - soil relationships are partially considered in 
this category also. 

The various theories of ion exchange and development of these 
theories must be presented and examined for possible explanation of the 
mechanism of ionic phenomena. 

Data resulting from investigations of ionic enchange is correlated 
with ionic exchange mechanism theories in an analysis and examination 
of the validity of these theories. 

The specific results of various investigations of ionic effects 
upon the physical properties of soils are presented and analysed in an 


attempt to present a coherent picture of possible trends in the effect 
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of ions upon the engineering properties of soils. 

Specific projects of investigation will be delineated which are 
desirable and necessary to further improve the understanding of ionic 
phenomena, which have a direct bearing upon the use of soil as an 
engineering material. 

Comment will be made upon various investigations concerned with 
the stabilization of soil masses by artificially induced ionic reactions. 

A short prognosis of future possible practical applications of 
ionic mechanisms to improve soil properties will be attempted. 

The bibliography resulting from this investigation will provide 
many references of. factors affecting ionic phenomena which will assist 
future investigators engaged in a necessary extension of this attempted 


correlation and work herein suggested. 





ION EXCHANGE - GENERAL 

The relationship of ions to soil has been a subject of 
investigation since 1845 when Thompson, and later Way, in 
1850, investigated the adsorption of ammonia by soil. Kelley 
(1948) has presented an excellent historical resume of cation 
exchange and the development of exchange theories. 

Way discovered in his early investigation of soil and 
lons that the clay in soil was primarily responsible for 
ionic exchange. The clay minerals in soil, and to a much 
lesser degree, the sand and silt have the ability to adsorb 
certain cations and anions and retain them in an exchaneable 
state. The ions held on a soll particle in an exchangeable 
positiomean We remevca “and exchanged for other ioms by treat- 
ment of the soil with an aqueous solution of the other ion. 
The exchangeable ions are adsorbed around the outside of the 
mineral struchural unit and normally do not affect the 
mineral crystalline structure itself. 

The commonest exchangeable cations in soil are, in 
general order of relative abundance, Ca, Mg, H, K, NHy, and 
Na. The most common anions in soil are S04, Cl, POJ; and 
NOz. In addition to those above, other ions which may be 
present, but normally not as exchangeable ions, are iron and 
aluminum in the form of free oxides. Organic ions and anions 
derived from decomposition of organic matter are present in 


most soils and may have a great effect upon ion exchange. 
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These will be discussed more or less separately from consid- 
erations of iroa inic ions. 

The property of exchange cavacity, often called base- 
exchange cavacity, is measured in terms of milli-equivalents 
of ion per gram of soil, or more commonly per 100 grams of 
S0il. Wan maetenred to in this paper; milli-equivakents will 


be commonly abbreviated to: m.e./100 gms soil. 


ion exchange expressed _ 000 weight of substance in grams 
in milli-equivalents = 1000 xchemical equivalent weight of 
substance 


The term ion exchange is preferred, rather than base exchange, 
Seems involved in cation sxchange and other exchange 
involves anions or organic ions. 

In order that the factors involved in ion exchange may 
be considered in an orderly manner, we shall consider first, 
the ion exchange material and source of attraction; second, 
ion oxchange theories; and last, the manner of exchange of 


various ions. 





ION EXCHANGE - MATERIAL 

Thesei ME peor Scology and agriculture have contributed 

the result of much research which has immeasurably increased 
our understanding of the formation and mineral structure of 
oer pasic materral - soil. 

Jeffries (1947) briefly discusses the general mineralo- 
gical composition of the earth's crust and the primary mineral 
sources of clay minerals. Grim (1953) presents an excellent 
survey of literature pertaining to the origin and occurrence 
of clay minerals. Although the earth's crust is essentially 
igneous, the surface of the crust, in which we are primarily 
interested, is underlain by 75% sedimentary rocks and only 

25% igneous rocks. In most cases, therefore, soils have 
been derived generally from pre-existing sediments and meta- 
morphic rock and sre a part of the cycle of weathering which 
started with igneous rocks, and minerals of which igneous 
rocks are made. Minerals may be classed as primary minerals, 
which are formed by solidification of molten magma, or 
secondary minerals formed as alteration or decomposition 
Procuers Of primary minerals. in the study of soll, we are 
concerned with the secondary minerals and as will be demon- 
strated later, in particular, the clay minerals. 

Clark (1924) presents an estimate of the percent of 
various mineral constituents in the earth's crust, and sedi- 


ments in the crust up to a depth of 10 miles. 


MINERAL COMPOSITION OF CRUST AND 
AVERAGE SEDIMENT OF THE EARTH 


MINERAL CRUST AVERAGE AVERAGE SEDIMENT 
% SEDIMENT CARBONATE FREE 
% % 
Feldspar 57.8 Teo) Ge 7 
Quartz 1278 58, 0 47.5 
Amphibole 16.0 -- ~ = 
Mica 6.6 2070 l 25,0 
Accessory SO 3.0 5.8 
Clay is 9.0 1, 2 
Carbonates DE 20.0 -~ 
Limonite 0.2 0 Sr 


As will be noted from the above table, the feldspar 
grouns, both alkalic and plagioclase, are the most abundant 
and Consequently, the most important in our soil studies. 

Inc aldssars are found in all horizons of most soils. "The 
felaspers are the source of large amounts of K, Ca, Ba, Al, 
and clay minerals as a result of their decomposition. 

The amphiboles contribute alteration minerals whicn are 
generally considered part of the clay mineral family, the 
palygorskite series. This series, which includes attapulgite 
and sepiolite, has not been thoroughly investigated. The 
amphiboles also contribute Ca and Mg ions. 

The mica minerals contribute high amounts of K ion to 
the soil from the muscovite series, upon weathering. The mica 
minerals contribute the hydrous mica clay minerals of which 
Dive Acet hom wee oummember., Zehlorites may berderivejzrron 
mica primary minerals. The mica minerals are bota primary 


and secondary. 
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The accessory minerals contribute little to the clay 
mineral series, but may in certain cases, contribute ions 
of minor importance, because of small amount and effect, 
xcept íin 2m aial cases, such as Mn, Li, Ba, Ti, P. 

The clay minerals in the table are both products of 
weathering, and hydrothermal alteration. 

The carbonates contribute Mg, Ca and Ba and are the 
cementing agent, upon crystallization, in many soil deposits. 

Limonite contributes Fe which mav have important effects 
as will be noted later. 

In general, clay minerals are produced by a weathering 
process of igneous, sedimentary, or metamorphic rock or by 
hyarovbs+mal action altering ad jacent rocks directly into 
eras. The weathering process vroduces the largest 
percentage of clay mineral deposits, although the hydro- 
thermal type of deposit cannot be overlooked since large 
Jeposits of sone type of mineral may be produced in a rela- 
tively small area. Basicallv, all secondary minerals are 
produced as a result of ionic exchange and rearrangement. 

The action in hydrothermal nroduction is fairly rapid, while 
in weathering, the action is slow, geologically speaking. 
Grim (1953) references the work of Correns and Englehardt 
whose work indicates that weathering proceeds by the break- 
down of parent material to ionic solutions and that second- 


ary minerals are reaction products of such ionic solutions. 
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Grim(1953) also references Niggli whose work indicated that 
under certain conditions feldspar reaches a colloidal state 
before formation of secondary minerals. 

The formation of clays by hydrothermal action is well 
covered by Grim (1953). Clays formed by hydrothermal action 
may be any one of the clay mineral family er palygorskite. 
The type of clay mineral formed depends in large part upon the 
acidity or alkalinity of the hydrothermal solution. The 
important hydrothermal clay deposits in the United States 
are in the West. 

the type of clay mincral deposit formed from weathering 
depends upon several factors. The varent rock material of 
the clay soil determines to some extent the type of clay 
formed bU mother factors have a sreater influence. Both 
kaolin and montmorillonite may develop from the same parent 
material under the influence of ethsrefactorsas The,alkali 
content of the parent rock is the main factor influencing 
the ultimate clay mineral. Rocks containing no alkali 
minerals can develop only a kaolin clay unless moving ground - 
water brings in outside alkalis. 

The climate to which a soil is subjected during its 
formation and life history has the greatest influence uvon 
the type of soil and clay mineral formed. Briefly, in a 
region of high rainfall and warm temperature, the products 


of the soil would be leached from the upper zones and perhaps 
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concentrated in lower zones in the soil profile. Ina soil 
subjected Go only moderate rainfall, the decayed mineral 
products would not be removed from the uoner zones. The 
affect of the climate upon the tyve and abundance of vege- 
tation determines the amount of organic matter and the 
degree of decomposition of organic matter in the various 
Sou) Deis layers. 
On the basis of climate, soils are classed into Great 
Soil Groups of the World. The following table adapted from 
Lyons and Buckman (1943) gives a general idea of the means 
Otc Leica f i cation. 
I. 4Gonal Humid Soils 
A. tar a 
l. Gray peaty accumulation over various 
mineral horizons. Substratum and often 
subsoil perpetually frozen. (Arctic soils) 
B. Podsolic 
I. Formed In Co0l hums elimate.. Bases ledened 
out soil generally acidic. Forms large part 
of northern New England ani northern Lake 
States. 
GS. Terre 
l. Formed in humid tropical climate. Basis 
dissolved. Ircn ond aluminum concentrated. 
Soil generally alkaline or neutral. None 
formed in United States recently. 


ur Intrazonal Groups 


ve Sradations between above groups. 
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fh. A wWeteuecty ol basic ridic soila in this group 
differing in formation by amount of rainfall. 


B. iIntrazonal Groups 
l.  Gradations between basic zonal groups. 

Each of the zonal groups and sub-groups is characterized 
by general properties. For example, (Grim, 1953) the red and 
yellow podsolic soils all contain only kaolin or predominately 
kaolin as a clay mineral. The other various groups also indi- 
cate the formation of predominate tyoes of clay minerals as a 
Pestinemorwtire Type of weathering to which they have been 
subjected. The various soil groups also have other predom- 
inate characteristics such as pH range, and most important, 
Ceribalmevon concentrations. 

Grim (1953), Lutz and Chandler (1946), Clark (1924), 
Lyons and Buckman (1943), Glinka (1927), Kelley (1951), 
Robinson (1914), U.S.D.A. Yearbook 1938, and other U.S. 
Devartment of Agriculture, Bureau of Soils, publications 
contain excellent sections on the development of soils and 
characteristics resulting from the mode of development. 
Extensive bibliogravhies on soil formation are contained in 
the above publications also. 

Nikiforoff and Drosdoff (1943) have made an excellent 
analysis of the genesis of a clayvan soil. Of interest in 
this analysis is the building up of silt fractions in the 


soil from complete decomposition of parts of the clay 
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A. A yee oi baste aridic soilas in this group 
differing in formation by amount of rainfall. 


B. Intrazonal Groups 
l.  Gradations between basic zonal groups. 

Each of the zonal groups and sub-groups is characterized 
by general properties. For example, (Grim, 1953) the red and 
yellow podsolic soils all contain only kaolin or predominately 
kaolin as a clay mineral. The other various groups also indi- 
cate the formation of predominate tyvoes of clay minerals as a 
result of the type of weathering to which they have been 
subjected. The various soil groups also have other predom- 
inate characteristics such as pH range, and most important, 
Ce erann On Concentrations. 

Grim (1953), Lutz and Chandler (1946), Clark (1924), 
Lyons and Buckman (1943), Glinka (1927), Kelley (1951), 
Robinson (1914), U.S.D.A. Yearbook 1938, and other U.S. 
Department of Agriculture, Bureau of Soils, publications 
contain excellent sections on the development of soils and 
characteristics resulting from the mode of development. 
Extensive bibliogranvhies on soil formation are contained in 
the above publications also. 

Nikiforoff and Drosdoff (1943) have made an excellent 
analysis of the genesis of a claynan soil. Of interest in 
this anñadiysis is Ac DUM ing up ot silt fractions lante 


soil from complete decomposition of parts of the clay 
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fraction resulting in a recombination of the released silica 
with existing silt, in certain horizons. Also of interest 
from an ionic standpoint is the formation of typical clay- 
Pam concreumoms, OF 8 complex nature, from free iron and 
manganese. This reversal of the weathering process, a build- 
ine up or Minerals from decomposition products has been noted 
by Hardy (1939) and Alexander (1941) also. 

Other factors influencing the type of soil and clay 
minerenssproduced are the topography of the land influencing 
water tables, the mode of transport and deposition of mater- 
ial movec from its parent material site, and the type of 
parent rock or other material upon which the transported 
material is deposited. 

rate Trecopniuron, bY Une Sori mechanics engineer; 
must be “given to the genesis of soil groups and the cherac- 
Gemicsctrocame: “GE? groups and sub-groups. That such recemm-— 
CMON ESPAR realized 1S indicated in the recent interese 
by highway engineers in the use of scil type maps in planning 
highways. Bulletin No. 22, "Engineering Use of Agricultural 
Soil Maps" (1949), published by the Highway Research Board 
of the National Research Council is an example of the trend. 
phis publication contains a vartial bibliography of other 
recent literature on soll types applied to engineering. 

The soil engineer who is familiar with the soil groups and 


series and the general characteristics of each, such as clay 
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minerals, tons present, soil structure and mode of forma- 
tion, will have a much better understanding of a particular 
soil and will be better able to predict its action than one 
who depends solely upon laboratory tests. 

Noted umder projects for investigation is one pertain- 
ing to soil group characteristics. The clay minerals, whose 
presence determine many of the most important engineering 
propsrtiaes om soil Must be considered in some detail. 

Basically, all clay minerals are aluminum silicates 
of definite crystalline structure. Pauling (1930) began 
the investigation of clay mineral structure and other 
mineralogists have since contributed very complete material. 
Grim (1953) and Kelley (1948) give very complete biblio- 
graphies on clay mineral structure investigations. 

Various general categories of clay minerals have been 
in use in the past but the development of structure since 
1930 has resulted in general acceptance of the classes of 
kaolinitic, montmomilllenities and illitic minerals. Actually, 
ltite is structurally similar to montmorillonite. 

The following table of clay mineral classification “fs 
modified from Grim (1953). The mineral shape and size are 
from Brindley (1951). 

Classification of Clay Minerals 
I. Two layer minerals - Sheet type structures composed 


of units of one layer of silica tetrahedrons and 
one layer of alumina octahedrons. 











-]6- 
A. Equidimensional 
i orme group 


a. Kaolinite - Hexagonal plates, variable 
thickness, 0,7 to 5 microns, often 
poorly defined. 

b. Nacrite - 

c. Dickite - Well defined hexagonal 
pites, | to 10 microns. 


B. Elongate 


1. Halloysite group - Elongated rods or tubes, 
some tubes split oven and unrolled. Length, 
OST tol micron; tube diameter, 0,05 to „2 
mierone, 


II. Three layer minerals - Sheet structures composed of 
two layers of silica tetrahedrons and one central 
dioctahedral or trioctahedral layer. 

A. Expanding lattice 
l. Equidimensional 
a. Montmorillonite - Poorly defined, 
hexagonal, less than 1 micron. 
Db: Seuccnite 
c. Vermiculite 


2. Elongate 


a. Montmorillonite 

b. Nontronite - Lath like or ribbons 

C. Sapoentte 

CSC uorite - Lath like, l micron- 10ng, 


O.1 micron wide. 
B. Non-expanding lattice 


1. Hydrous mica or illite group - glauconite, 
Allevardite - Poorly defined, hexagonal 
flakes or ribbons, 1 micron 
size. 


III. Reguiar mixed layer groups - ordered stacking of 
alternate layers of different tynes. 


A. Chlorite group 








a: 
iV. Chaim strucmarec types = Höorfnblende-like chains of 
silica tetrahedrons linked by octahedral groups of 
oxygen and hydroxls containing Al and Mg ions. 

A. Attapulgite - Pibers, 0.1 to S microns long 

B. Palygorskite - Same as attapulgite 

C. SSepwemirte “Rod forms OPL to 5S microns long 

V. Non-crystalline amorphous clays 

ie Allllophaners 

Group I above is generally called kaolinites, Group II, 
montmorillonites, and illites considered separately. The 
presence of Group V is not clearly established and further 
immecsGageation is necessary. Group» IV is still not clearly 
defined as to structure. Within each of the above groups, 
one svecific mineral may grade into another, depending upon 
the degree of isomorphism. This is particularly true of 
montmorillonites and illites. The mineral "beidellite" is 
not included in the above list since it is established by 
the recent work of several investigators that this is a 
mineral variation of montmorillonite, due to slight isomor- 
pailem. (Grim 1993) 

The oxygen atom determines the configuration of clay 
minerals to a great extent. Because of its large size, 1.40 
angstroms (1/10,000 of a micron), compared to the other 
atoms, oxygen forms the "skeleton" of which the mineral 
cemy stat structure is built æ= This is not surprising,” consid- 


ering 95% of the volume of the earth's crust is oxygen. 
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the minerals are formed of "sheets" of silicon and alumina. 
The silicon sheet is formed of "tetrahedrons", composed of 
basic units made up of a Silicon atom (ion) surrounded by 
four large oxygen atoms. Adjacent silicons share oxygens, 
that is, each two silicon ions share one oxygen atom which 

is common to two tetrahedrons. The alumina "sheet" is made 
up of "octahedrons" in which each aluminum (ion) atom is 
surrounded by six oxygen atoms. Oxygen atoms are shared by 
the aluminum atoms. One of the fundamental factors to remem- 
Dove. surmetüre cn the clay minerals is the space aval]- 
able between the oxygen atoms in each unit tetrahedron and 
octahedron. This available space determines which other ions 
T oeoa ce mthe msi] Con dra lumma ons. It TS"UAES 
geometrical spacing of the ions in the crystal lattice which 
accounts for many of the clay mineral variations and proper- 
ties. In the case of the tetrahedron, the oxygen ions are 
stacked like a pyramid of cannonballs with three ions in one 
y2yer touching each other, and the fourth ion on top of these 
touching the other three. The space under the too ion at the 
apex of the pyramid is occupied by tho silicon ion. On the 
basis of oxygen crystal ionic radii being 1.40 Angstroms, 

the space available for the silicon ion is about 0.55 Ang- 
stroms. The silicon ion has a diameter of about 0.39 Ang- 


stroms, which is the closest ion size to the available 








O 
space and very abundant. The tetrahedron can be considered 
most ciosely bound togethertwith the silicon ion since this 
would bring themeenters of alae ions closeststogetherys Other 
fons, such as boron (0.20A.) have a smaller diameter and may 
eawcr anvo the er ystal lattice, but do not» provido as «lose 
a relationship since they are toc loose a fit, so to speak, 
and the valence is less. As will be noted, larger ions may 
Pom cemusemo1licon, such as aluminum and iron, but these 
have a lower valence (3) compared to silicon (4), and the 
larger diameter does not tie the tetrahedron as tightly as 
the siiiton, hence they cannot replace the silicons except 
in a few tetrahedrons. 

The aluminum octahedron may be considered as two layers 
of three oxygen ions, each layer arranged in a triangle with 
ions touching. When upper and lower layers touch, the space 
available in=the center»is about 0.6) angstroms. The alumi- 
num ion is about 0.57 angstroms, which is a very close fit. 
iMemeaiuninum is revlaeced at times with similar sized ions 
such as iron (0.67 A) and magnesium (0.65 A). The oxygens 
are partially replaced with hydroxl ions. This does not dis- 
rupt the close nacking, since the hydrogen is of small size 
and fits in space available. 

The crystal structure of the kaolinite group minerals 
is composed basically of one tetrahedral silicon sheet and 


one octahedral aluminum sheet. The tetrahedral sheet is 








¿A 
placed so that the apex of the pyramid is down toward the 
octahedral sheet, and the oxygen atom at the avex is shared 
by both tetrahedron and octahedron. This basic layered 
structure of two sheets leaves a layer of oxygen ions on 
one face and a layer of hydroxl ions on the other face. The 
hydroxl and oxygen layers of adjacent layer structures are 
Srrraeceems meonely, resulting im a very stable crystal 
composed of alternate octahedral and tetrahedral layers, 
bonded by the H in (OH). In the halloysite member of the 
kaolinite group, Grim (1953) indicates that Hendrichs (1938) 
and others believe that there is a molecular laver of water 
between the adjacent kaolinite layers of tetrahedral and 
octahedral faces. This water layer is believed to have a 
definite configuration or structure between the tightly 
bound kaolinite layers. 

The structure of kaolin indicated above was first out- 
lined by Pauling (1930) and later developed by Gruner and 
revised by Brindley, as indicated by Grim (1953). 

The kaolin crystal is essentially electrically neutral; 
that is, the valences are satisfied within the structure. 
Considering the basic two laver unit, the charge distribu- 


tion is as follows: 


6 Q-- 12 - (Top oxygen layer) 
4 Si Cas 
40 & 2 (0H) 10 - (layer common to tetra- 


hedral and octahecral 
sheets) 
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4 Al a 
6 (CH) 6 — 


The structural formula is (OH), Sig Aly Ojo, 

There is some evidence that in poorly crystallized kaolin 
there is a giighv substitution of titanmmeor iron tome tine 
Aluminum in the octahedral unit. 

In silicon rich kaolins, Hendricks (1942), suggests 
that two tetrahedral layers are joined together at the apex 
and ENaC Chis Silicon rich layer unit is interlayered between 
standard kaolin layer units. 

iiemionknori Loni te group mineral structure, as- indica: 
ted by Grim (1953), was first proposed in 1933 by Hoffman, 
Endell and Wilm, and later modified by Marshall (1935) and 
Hendricks (1942). 

The basic layer unit is comvosed of two silica tetra- 
Meardal “Sheets with one aluminum octahedral sheet between. 
The avex of the tetrahedrons point inward and lic in the 
same plene as the (CH) in the octahedron sheet. Ions shared 
by both tetrahedral anc octahedral sheets become O instead 
of (CH). When the unit layers are stacked in the crystal, 
the 0 layers are adjacent and hence the bond is weak, and 
there is good clenvage. It is important in the montmorill- 
onites that water and other polar molecules do enter between 
the loosely bonded layers, between the unit structural layer, 


causing expansven of une lattice. 
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The theoretical balanced distribution of charges in the 


montmorillonite lattice is as follows: 


6% 12 - 

4 Si 16+ 

4 0 & 2 (0H) 10 - (Layer common to tetra- 
hedral and octahedral 
layers) 

4 Al Laut 

40 & 2 (0H) 10 - (Layer common to both) 

4 Si AE 

5 © 12 - 


The theoretical formula is (0H)4 Sig Ala4 Cog olus interlayer 
water. 

Marshall (1935) and Hendricks (1942) emphasize that 
montmorillonite always differs from the above theoretical 
formulas because of the substitution of ions within the lattice 
for une Alana possibly Si. TAYS substitution of one on for 
another in a crystal lattice is termed isomorphism. Possible 
substitutions are magnesium, iron, zinc, nickel, lithium, 
and others for the aluminum in the octahedral sheet, and 
substitution of aluminum and oossibiy phosphorous for silicon 
in the tetrahedral. The substitution of ions which are 
larger than the available space, such as Mg (0.65A) or Fe 
(0.67A) for Al, puts a strain in the lattice resulting in 
poor crystalline form of lath shape. The isomorphism in all 
montmorillonites results in poorly defined crystals as comp- 
ared to the clear hexagonal definition of kaolin. 

The total net charge in montmorillonites is always 


unbalanced. This unbalance is due primarily to substitutions 
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within the lattice. There is a negative charge unsatisfied 
when Mg is substituted for Al in the octahedral sheet or 
Al for Si in the tetrahedral sheet. In all octahedral sheets, 
it is characteristic that only two-thirds of the possible 
spaces are filled by Al ions since this satisfies the O and 

(OH) valences. If Mg with a valence of 2 is substituted 
for Al in the octahedral sheet, all spaces will be filled to 
SE. requirements. This increase- in filledasspaces 
may tend to offset a deficit of positive charges in the tetra- 
hedral sheets due to substitution of Si. The substitutions 
tend to balance each other to some extent, but it has been 
shown (Grim 1953) that a deficit of positive charges always 
results. It should be noted that in the montmorillonites, 
Fe does not replace Si in the tetrahedral layer. 

In addition to the unbalanced charge in montmorillonite 

Que to replacement, a structural change has been suggested 
by Edelman and Favejee (1940). This alteration in structure 
suggested is the reversal of part of the silicon unit tetra- 
hedrons in the tetrahedral shcet so that part of them have 
the apex O in the outer layer instead of pointing inward to 
the octahedral sheet. Further, vart or all of these surface 
O ions are probabiy replaced by (CH) ions. This would 
result in a higher unbalanced net charge per crystal. This 
supposition of Edelman and Favejee is not borne out too well 


by experimental results with X-Rays. 
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McConnell (1950) has suggested that some O tetrahed- 
rons are replaced by (CH) tetrahedrons. This is possible, 
but has not been fully checked. 

The illite series of minerals has a basic structure 
the same as montmorillonite except Si, which is replaced 
by Al in the tetrahedron, is balanced by K ions between the 
aye MIRS K is of such size that it just fits. snugly in 
the depressions in the surface O layers. The K is bonded to 
12m0 icms, 6 in each layer, and holds the layers tightly so 
that the lattice does not expand as in montmorillonite. K 
between lattice layers may br partially replaced by Na, Ca, 
VOA H. The unbalanced charge is less in illite than in 
montmorillonite due to the K between layers. 

iMemer are many variations of montmorillonite which 
grade into those of illite. Transformation from one group 
to the other may take place if the right ions are vresent, 
and time is sufficient to permit rearrangement of the struct- 
ures. 

The other clay minerals, such as chlorite, vermiculite, 
palygorskite, and mixed layer minerals have structures 
Similar to montmorillonite and illite, but vary in the 
stacking of layers, amount of isomorphism, and water between 
layers. Much work remains to be done on these miscellaneous 
types. The mixed layer minerals are inter stratification of 


the various minerals in the 2:1 lattice structure types and 
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are” a IRE OMC. 

iis rather Kewetniy di seussrvonm of the soil minerals, 
clay minerals, their formation and structure has been neces- 
sary for two reasons. It has brought out the part played by 
ions in influencing the actual mineral composition of the 
soil, and most important, it has shown how the variation 
Hi Minera eruclbure results in AM unbalanced charge in the 
mineral crystals. This unbalanced charge and tho locati an 
of the crystal lattice ions account for the variation in 
type and amount of ion exchange and will be referred to 


frequently in subsequent discussion of ion phenomena. 
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ION EXCHANGE - THEORY 

Kelley (1948) presents an excellent historical 
resume of the prominent ion exchange theories. 

As previously noted, Way (1850) early established 
thet themediay bras tion of the sobbewas responsible 
for the adsorption of cations. The exact nature of the 
clay fraction was not at that time known. In spite 
of the fact that various investigators early (1858, 
1876, 1907) showed that crystalline minerals were capable 
of cation adsorption most soil scicntists considered 
the clay fraction of the soil to be a series of amor- 
poems collodial gc lemof aluminum and! iron,and silicic 
acid. The adsorption of ions was variously attributed 
to hydroget adsorption, Van Bemmelen (1888); adsorption 
As. by thea clay "particle" with adsorption of 
other eons on thesc, Wiegner (1925); colloidal zeolitic 
adsorption, Gedroiz (1912-1925); and the "acidoid" - 
Momgoid we Colloidal - chamieal ne let loanships of alaítat son 
(1930). 

Hendricks and Fry (1930) and Kelley, Dore and Brown 
(1931) @iscovered that the inorganic colliodal material 
of the soil, the clay fraction, was commonly crystalline. 
thie aiscovery placod ion exehenge on 2 rational basis 
ana lod Show ines most waencrally accepted current theories 
of ion adsorption. 


The work of the early invostigstors of ion ex- 
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chinga meameheirzcheories are net to be deprecated for 
with the extent of knowlcdge at that time the theorics 
were rational. ~The very extensive investigations of 
Mattson over a period of 20 ycars contributed a great 
deal to understanding of ionic phenomena and triggered 
other investigations. Mattson continually revised his 
theories wheras many of his adherents did not and still 
hold ta many of his original concepts. Certain aspects 
of Mattson's work will bo refcrred to later. 

Prom the previous’ section 6h clay minerals it was 
notedernat an unbalance of electrical charges cxistéd 
Viewer olay Mineral lattrcomto varyingrdcgearecs, de- 
pending upon the lattice structure and degres of iso= 
morphism = This*unbalancesrceubtcde primarily from 
Ungemeomrod valocnces™ or ions within the lattice structure 
ama norte lly results in amscexeess nesetiwe charge for the 
linha cemas e. whole. -This negative charge cannotmbe 
Cemsicdcread as acting Pt specific points on the plane 
Do eoon the erya since in many cases, dueto 
isomorphism, thc unsatisficd velence is deep within the 
CoM al layer and mWst act through the tetrahedral 
IE IN tne case Ol “isemorphism in a clay mincral, 
montmorilimitc or illite, which has the octshedral 
layer sandwiched between two tetrahecral layers, the 
unsatisficd nogative charge or force may exert its in- 


flucnce through both tetrehedral layers, in opposite 
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RRS ET ONS M gencral tho mincrals consist of many 
avers Of Soueme Une ery S tems so the unsatisfied 
valcnoee must oxert their influence through a distance 
of several’ tayers. In general, therefore, the "Torce" 
oT 1c lomo nuence Of each source of negative charge 
Narren Porec field" acting at™tne surface 

or theme emeperviclG Which will be more concentrated 

in some spots "due to reinforcement of the” cumulative 
6ricgeu or Several unsatisficd charges. The net result 
a cive charge on the particlo as a "Whole. 

IE cion to the negative tharge on the particle 
as a wholc we’ have unsatisfied valences directly in the 
Swn aeo of the particle due to OH ions in the tetrohodral 
Ene SOURCE OI these ions as noted previously 
is™beidaeved due to reversal of some Si tetrahedrons 
vase REE trane ra Layer ona replacement of the 
apex O by OH. These unsatisfied surface ions would 
Snore a mere CONCeMErauC® Hoe Tivo charge vO avtracse 
Pas Uuılyencatıomean ch.m Thesgcnerel partíicle Charger 

AEMT raO ECMO parte LC CNTEE US eno DRA 
bonas at the Cüges, corfers and broken sides of the 
CSS Cen me partici composed. "This 
source of cWargeG may be considerca as fairly concentrat- 
ed around the anion in the surface of the edge which is 
"broken", 


Tese Ehe =elay particle will“Have a 
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negotive ci me ol varying sazc rcsulting from three 
Ecneran seme: unsatisiMed valenecs within the crystal 
lattice, umeatisficd valences in the surface of the 
parvbicloseaiemprimarilyeto strfacc OH ions, and uns#tis- 
Proc Waleiiees at the ccdges’ of the particlo duc tordis- 
continuities de the crystal lattice layers. 
iicmeaneccpuNor location oi the chargos is usually 
bette chanas ıis a põint chargo. Theenuthor ceprecatcs 
thieieconeeptwas narrowing the possibility of under- 
atamcina the nature of the ciffiect of the charges. The 
tensa cure of the charge duc to unsatisfied valonces 
ie aes Known. it is preferred that the coneept of a 
Sows Field of influence of the charges on all particles 
pememmareorcd 2S na clonrer picturc of particle inter- 
action he sizce Sfethisesphere of influence" is not 
known nor the cistance from the source to which it 
ACCC eon AC mime seo oppositely charcecd particteszwe 
know that the attractive force between the particles ai 
vales 23 function of the size of charge and distance 
De tweemmeuhne perticics. Both van dor Waals and Coulomb 
developed mathematical expressiens for thler Consider 
fUr Uae vcr, thot IE iwo rti elcs ci egual charge 
aro Atene cuan closely to cach other, ame theoretieslly 
thoy satisfy Coch other, andher particlosmay wander 
einse, ducto random movement, and become attached to the 


other twes One charge cf the original two particics 
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is thercfomm® shared among one cf the criginal particles 
end the newcomer. in effect this would reduce the 
binding Carey bebween too original two particles anc 
the totor ofoparticles mhich could bc held by 

ene cana email Do a functigd of the size ST charge 

and distance between charge sources in conformance with 
van dor Waals - London concepts. This may (>r may not) 
however, Cemonstrate that a single charge may not be 
comple bolly satisfied by another single charge but exerts 
a Enero influence", It is believed that if this 
conspira tilo of force” is borne, in mind itemay 
serve 6? help unccrstancd some of the ion phenomena 

rss entecsperticulariy o the effect af ions on clay parti- 
eremwaler films. 

Bachsafisthenthrse.gencralssreupsuonf clay minerads 
bas 23 T mee -of ion cxgbhange capagaty (cxpressed in 
milli-cquivalents) which is characteristic >f the group. 
Roughly o range for aeh main group. is as follows 
forcethe-sosmospoeticloessige: 

Kali miste Se: ise 100 Ens 

Montmorillonitic 60 to 150 m.e/100 gms. 

Ae LON to Me. AMOO Ems 

mess om eDane Capacity of the kaolin group is 
attributoa palo to broken ionic bones" at the 
ke: of the particles. The kaolin gmaup has little 


iekhorphisesandcsaestiblekstructure, Bus dbolicued 
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there arc FSR ORN inns in the tctrahecral sheet cue to 
teitraherrnn inversions. 

The high exchange capacity of montomorillonites 
can bo attributed meinly to OH ions in the layer sur- 
faccs and g@noeral negatives charge® auc to isomorphism 
within the lattice. Adsorption of inns will take place 
mini > bee surfaces oí whe baset planes between laycrs. 
This Ie sunteace arca “m tho- cxpandcing lattice, 
compened hempanrtaclemsaze, accounteefor the high capacity. 

The illitic mincrals are in betwcen but similar 
to the montmorillonites in that the charge and conse- 
quent exchange activity is due primarily to isomorphisn, 
ISA DTT FINE pose pasalplanes. 

ib ches DEERE MER DES te that the lan exchange 
Chpmeruye ol kaolinite and illite mincrels varios with 
ptio Mize, » This wewlc eenfiem thc "Sroken bona" 
soumec eee charce Corekaclins ane, in part, for ilies 
also. Grim (1953) incicatcs that Harmon and Franlini 
Showermamconsistene simeneise Imeexchanre copaci tyeior 
ale lan “fiom omme. Tom 10 Go @C micron size to 9.5 
monr OS tonl micron sizes <Crinmalso indicates 
thes Crim ames Bray whoOwed wean incrensc for illitc from 
¿OM ae let Sh micron Size 41.7 me for the 
less thameO.0G mreron size. 

Hauser end Reed and Caldwell and Marshall have 


shown no appreciable inereéasc in COR Anp E 
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Comm@elsy Ween reduction im particlc size for montmorillo- 
nitcs. This tends to bear out the surface adsorption 
hypothesis. Any slight increasc would be duc to dis- 
PU Toner Co layers exposing moro surface. 

The Mmene@cse in dellátos is in part due to cdge 
bonds but more probably in largo part to increased 
de cadela lley of basalaplanes botween layers. 

Kelley and Jenny (1936) demonstratcd that grinding 
of Cilayemincrals increased the cxehangs capacity of adl 
typos: This would produco mone basal planc fractures 
and montmormillonite, accountingator their 
Mere. Grinding tends also to completcly destroy 
iererystal structure if prolonged. 

Havinewesbablishod tie. presence of negative 
Tian no on the-"cotay particles we should also note 
the possibility of a positive charge. Thicssen (1942) 
denonorravcd by -ellcctron photomicrographs that negative 
sold pamicics arcwemedlusamely adsorbed «at thc cdaes 


coles Aa positive attraction could. .oecur 





COn tcd degre G from oxposcada Alier Si at the cdgcs 
of broken crystal layer. This possible positive charge 
MO peta Inoeintivenco of the positive charge 
may account for the limited anion adsorption which 
takes place =and may alsewmaccount in part for some 
structmel oricenwtion of fine clay particles. 


Van Olphen (1951) has suggested that the positive 
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Popea proe on cages of particlos may cause attrac- 
tion betweca the Cdge and surface of adiacent particles 
thus aeoo neron Certain of the structural relation- 
ships im ¢€ays. 

Tt MOn Imat Ghis point vo daifcrentiatc betwecn 
the twoetypes of ion cxchangt. In the majority of the 
references to Son cxehange im thitss paper we will be 
refcrring to cation exchango which is the preferential 
adaon pto of the clay particle for the positive walonce 
ions im solution. Anion exchange refcrs to the adsorp- 
tión ef megatively charged radiecals such as phosphate, 
faeenote,~l louridc, chloride; Tte. As will be noted 
iar, cmon exchange 13 "not NS" important as the cation 
CITO) "Oxcepto Ps it “Siicets Catiomcxehinge capacity. 

MMC E retlabronship Of “adsorbed cations to “tne 
501i] Serie lems reer a “subject oPmucH debate. The 
NOS TAR “leecptcdwecurrcnt theory; particularly in 
mice fic iret soil empimcsSr inge, TS thit bd sled spore 
original mathcmetical theory of Helmholtz (1879). He 
proposed «e double: layer theory, derived from investiga- 
Mons nieta layer of water dipoles mis con- 
sidered wipnadly attached to this nerativedy charged 
surface (of a particle) and @®sccond layer of ions 
anes eN ONE ASER layer by attractive force, 
The thickness of both fixcd layer and second layer dc- 


pend on thereharges on the particle and type of ions in 
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theme CONnG™mavyemecds Will bo noted later. "Helmholtz 
canai dorod CME Stwo Layer structural similar to a 
condenser and obtained a ™mathcmetical expression for 

the potonmmel ecross this double layer. The potential 
betW@en themitxedwand "second “layers he termed "zct 
poccnti “Helmholtz original concept has been modi- 
Tees sheebasac mathematical principle still applies. 

The current theory, as dovelopcd by many investi- 
gators (sce Overbeck and Verwcy 1948 and Kruyt 1949) 
is that there is a thin laycr cOmposcd of water mole- 
cul Ss considcr-rcd a fixed laycr, anc a ayer of diffuse 
w i molecules arid cations, which™ismef varying tATeck- 
Heeeeewove the fixce layer. Tris sccone layer of 
dise ons 2rd wetver molecules ¡s"oPryvoarying rigicity 
Mem tiseknes's depending upon the size of perticle charge, 
Ly OM jon presentmand’ cneunt ef in present. 

Jenny (1936), Gouy (1910), Debye and Fuckel (1923) 
havowdovelope endwascd this concept with minor varia- 
tions. Jenny (1936) consiccrce that the cations oscil- 
tcd abomt a negativo point charre on the surface of 
tho Ciy panticlce:= his concept of. 1. Kinetic oscillatTon 
VOrRunec im the Cifiusc ion layer ais an important one to 
boar in mind anc a logical ore bascc upon the” inhcorent 
thermen IL LOL tie lon 

The zeta potential betwecn thc fixed watcr laycr 


and the ciffuse ion laycr is discussed at length by 
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Preecc (1949), Lambe (1953b), and fully covered by 
Overbeck and Verwey (1948) and Kruyt (1949) from a 
colloidaimstean@point.. Precee and Lambe dewmeloped their 
articles bascd upon Overbeck, Veorwey and Kruyt. 
Moe chae teristics of zeta potential which will 
At icckhenes tweens | crevions Of sthesentilucnce of sions on 
engineering properties of snils arc the "streaming 
DOOM anaic eond ntra tten efRect on zota potential. 
Considcring in sequence from the surface of a 
Ber ve lemouuware, wemhave a faxedewater laycr, a partially 
need water Layer with ciffuse ions presenting 
6 vViscouss layer, andmidmally fmecewater«w. The "streaming 
pecenbial"wmay bc considered simply as the potential 
KERES REF TET TORA crag of the fro walker san thee diffuse 
layer, cuc to the resistance of’ the diffusc layor to 
asen a prcegeurc or head is “applies tc the froe 
water. The tcndency of the free water movement to move 
us Camas layer in rclation to the particle is resistec 
by the zcte™potcntial between the patio le fixed layer 
ORAUS Laver ena tenés te reduco "Bic zota potential. 
Wwe EreaLcr tite coneentwatien of ions in the diffuse 
Monero the leas Eh potential: Also; for an 
cquivateat concentrationsof monovalcnt ions mnc divalent 
or polyvaklonimions i tho zeta potential=is less for 
the polyvelcnt icone. Simply, the higher tle valence of 


thon acseubcdcationeiho chess theezote- potential. isi 
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Also the Bator the on concentration the loss the 
zeta potential. 

These. chsraotcriaties of. zeta potentíals+will bo 
considercd in cxplanation of ccrtain phenomcna ciscussed 
latcr. 

Uomo Nemec dave not consaderca the structure 
of the "fixed" Laycr føre ter molecules attachcd tp 
thop aiala aUn ace on thess tructumo~of the caiffuse 
lai tas comeridered that thig,structure may be 
oeo ninast impertames in, uncorstancine onic 
phenomena. 

Banes anc Winterkorn (1936) and Wintcrkorn (1943) 
pro sented cvitdence that the fixed water film 
ataehed to clay particles actually oxists. Russcll 
(1938) (Grim 1953) points cut that structural cheractor- 
Mes Or soil mesulecasenoneliquid fixed film of 
nitiaild.caerbed mater. PFPorslinda19989) (GrimAJ2983) 
has rep eted @ilcctron (diiineaction @ata which secms to 
indica des wvebuessiemeturoslns. the fixodaleyer onsment- 
morillonite similar to icc. Maccy (1942) arguing from 
ice loniiyebe weenmthe. sitmucturnceol sucosnncdwoxmyecn 
atom ao elay particle surface has postulated that 
thew Data iveeac sorbed water hagethe sstructurc, of ice. 

HACmeliemanectcristaeomomewater molecukes themsciive's 
give evidence of. the possibility of. eroupinenintosa 


abtructure ofasome typesen»tho surface ofeeclay. Several 
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imwostioaters (Crim 1953) have postulated that By the 
Wdrpole™ nature of the Wawer molecules, and the bonding 
of the hy@rogens to form linkages betwoen water molcculcs, 
that the water molcculcs woulda attach themselves to the 
0m ione in Ohee facce Sf seine Lattre through 
an H bem Somnct  thewexyacn™- ions in tho crystal sur- 
PACS” AE An ito configuration the bended water would 
Mivcwheceoerartc confifUrPAtion or structurc also. 
Hendricks and Jcffcrson (1938), Barshac (1949), Mcring 
(Hea6 )Setcndricks, Nelson anc Alexandcr™ (1940) (all 
am commen 1955) all Postulato" Ome type of structume 
Po. “Tixcd ™wetcr=1ilm layer. Witi additional 
CO CVO cvicenco 18 proscitcd the cxact nature 
en Pixce waccr™iaytr wil be Tn “Subt?” Tt appears 
OVARO VOOr that there is 2 cerinite structures 
VOTA O TEC SOPLO ma TEMA LC CAOS IATA 
CUP ICA Dame” importance in furthering an undor- 
gtancd M ino sel. Meris some dIRPrcement as 
Tomates thes trmeturse “consists Srrctosoly packer 
Wetor  m10lceulcis of an opcm nctwork. The preadonimenco 
Olea piInion secnse to Pavorwmeopcn structural network. 
Assuming a definite structural configuration of 
water molccules in the fixcd water laycr we may now 
InqGuUleeS rer iime) bic unlckites Of the lnyer. Duc™ re 
the kinctic cncrgy of the water molecules the adsorbed 


fixce™woter layer cx xuld be "expec teats cxtenad’ from “the 
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CUORE surbase ony 2 short distance. ‘Numerous 
investigators have attempted to estimate this water 

film thickness without too close agreement. The general 
Hanege of vellucs estimated however is indicative of the 
probable thickness. The values range from 7.5 A. to 
2er obabiy" vary Considerably Ccpcending upon 

the clay mineral. This is discussed by Grim (1953). 
Various investigators suggest that evidence indicates 

a transition from the fixed layer to the second ion 
swarm layer of varying degrees. This transition appears 
toas pena upon the type of adsorbed ion in the second 
laver. Grim and Cuthbert (1945) conclude that for 

the Ca ion on montmorillonite the transition is abrupt 
wate forthe Na ion the transition is @radual. With 

Na the water above the fixcd layer may be oriented and 
partially immobilized for 100 or morc angstroms beyond 
themparticter surface. 

Winterkorn (1943) concludes that water held directly 
on clay-mincral surfaces must be considercd fixed (solid) 
Aca tne Change Of state of water Irom the fixed 
layer to free water” Ts"a gradual “Change whick varies 
exponentially, with distance of the watcr from the 
clay surfacc. 

Considering tne second Layer of water on theseiay 
particle wo have just noted that the water molecules 


in thisMibwer mays bementcntcd tovarying degres Outward 
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Pnomn=tho [Wea leone Thesthickness of this layer of 
water moleculos and edsorbed ions will vary depending 
omicc agaimpupen the type ef clay particle, and type of 
adsorbed ion. The concentration of ions in this layer 
will vary vith distance from the clay perticle surface 
and gradually decrease until the thermal activity of the 
lons*overcomes any tendency for concentration. The 
címe toI Mens on cley=water relatiomsháps" will be 
bricfly discussed later under ion phenomena. 

One conccptswofeion exehangc an@wedsorption have 
becnepreposcd. The most noteworthy of these is the 
serics of papers by Mattson from 1929 to 1941. Mattson 
considers the soil to consist of "acidoids" such as 


' such as aluminum 


same acid and E "dons and "basoias' 
endo hydroxides. Explanation of ionic phenomena 

w ked on the relationships “or ieacidoid' to "basoid". 
Mattson changed his views somewhat over the years but 

did net finally present any substantintea "Laws". 

Most of his work is thceorctical and not backed by 
expcrimontal data. It is considered that the investi- 
gator of ionic phenomena should be familiar with this 
work becausc it does present some interesting points 
andeiswerten used and referred to by solide scicntists. 
Kelley (1943) proscnts and informative critical review of 


Mattsons work. 


For many ycars soil scicntists have attempted to 
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formulate equations which would show a soluable relation- 
ahipsbeitkecnstissdscrhbee, tons, concentration of tons, 
type of ekoneand typomed cbay. 

Thesewequations, cabled equilibrium formulas, have 
been based upon the law of mass action, thcrmodynamic 
concia T tion. bhoenochemicalaconsideration, Donnan 
cquilibrium, "acidoid-basoid" considcration and varia- 
tions of these. Guggenhcim (1944), Vansclow (1932), 
Gapon (1933) Johnson (1941), Marshall and Gupta (1933) 
and others have presented formulas. These formulas 
have beensehccked sxperimcntally, reviewed, and dis- 
cusscd by Davis (1945), Melstcad and Bray (1947), 

Mclsted (1943), Coleman (1952), Marshall and Gupta 
(1933)5 Kelley (1948), Boorland and Reitemeicr (1950), 
Magistad (1944), Eriksson (1952), Davis (1942), and 
Krishnamoorthy and Overstreet (1948, 1949, 1950 a, 
1950 b) and others. 

ie poncre |Vopimion of ghe various investigators 
is taatemany of sthewequations are variations of the 
same, Ieee tisewencore ioally they arc sound, butware 
not fully applicable. The determination of constants 
in tier cauation=isrnotercadilyspessible. The formulas, 
in sencHel, can be appiied to 4 closed equilibrium system 
of one soil anc one cation but becausc of the indeter- 
minagernatune of bhasi actors roquiread cannet be gencrally 


applied. 
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Io on  Pquabions. a PC not *to be™completely 
OEA COU F orep Pea Cnn Im uncérestencing the cngincor- 
ng Pro Sto compTOX soil] Tasses Por they are in 
goncral theoretically sound. An understanding of their 
theory is essential to help in understanding the basic 
science of soil-water-ion relationships. A detailed 
presentation of these equations and theory is beyond the 
time se@pe Of this paper, in Tact, coulda bco the subject 
of a@ separate paper. 

Me mary it is the authors opinion that™the 
theory which best applies to investigations and cxplana- 
MO ion cirect On “Criginecring propertics of soil 
MRO L I red dcuple layer’ thcory. his theory is 
fete au variance With the basic "Scicneo bchirnd other 
ticerveas but is “a veloped concept morc applicable to 
OFRENE IND Lielc, For -clerity this concept is 
agai bemolrly reviewed. 

MEE Ey PA r CeeS S Drinirliy responsi blc Torsion 
Sorp aon in a soill complex? bero crystalline minerals 
With a precominatcly negative charge. This negative 
chanel TRA Ia acta Tor positive cations 
NES C r rUCETUrO Oe bic clay ana ton ro- 
iemenloreınıp lsgeonemceredwesdasupleslayer on thc elay 
pirPotere CULM eee ic igi sb mayor om Uno Suriace= is 
AERECO Ayro Wwatcremoleculos Aubeacned. to they sur- 


face Dy Hy regon bom PR Laycr has a -deminitoe 
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strueturo @&etated by thoeclay mincral, water molecule 
action, anc adsorbed ion. The sccond layer is cf varying 
thickness and water molecule orientation depending 
Upon thew cumeucsont ~andsctay mineral... This secamd 
lager commana ecasorbed Gong. IMjpaeditign it isgpro- 
posed Mac @dserbed icons may be present in structural 
spaces ™5reune Gixed layer. The kinetic aspect of the 
second Meyer should also be bornes in mind. Jenny's 
concept of an “oscillation volume" has been mentioned. 
Thor Nannal themmald ackivity of the ions wouldsprecludc 
Wo o ina hole inssfixee position. Jenny (1939) 
demonstrated that the icons migrate from particle to 
sik ele Borland anc Reitemcir cstablisheda by radio- 
Hueneme that the adsorbccd ions were in equilibrium 
wins ne same ion in the firce water solution and that 
an interchange took placc from adsorbed layer tc free 
water and vico versa. Othcr investigators have shown 
Pera Ct As from particle to particle to be 
accomp lahed in preference t) migration through the 
free water exchange. 

The anion exchange mechanism in soil must also 
be bricfly discussed. Many investigators (Grim 1953) 
have shown that clay mincrals exhibit anion cxchange 
cap Caty. Inverduigation of amicn cxehange has been 
difficult because it may involve a brcakdown of the 


original mineral. Fortunately many investigators havo 
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shown that@e@nions have only 2 smali offcct upon cation 
cxehange capacity which is large cnough to be the 
domenarclkemmeiewenmer, Ii sole. bricfiy, anion cxchange 
may occur through replacement cf OH ions on the broken 
bond @cecges of mincral Sheets, it may occur through 
atraccion Ctl positive valence Tons in the broken bond 
cdge as noted by Thicsscn. The OH replacement has 
boon demonstrated (Grim 1953). Replacement of OH may 
occur to seme ocxtent not only on edges but con the sur- 
cine Latulce sheet, particularly in montm>rill- 


onite. Dean and Rubin (1947) have shown that anion 


exchingo verics Ciroctly as thc surface area of the clay 


mens elewhrech tenas toward thoc OH replacement concept. 
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ION EXCHANGE - ION PHENOMENA 

The proper manner in which to start a discussion 
of the sadserptiion phenomena of specific ions on clay 
particles is to state that there are contradictions 
at every point and that no expcrimental results arc 
really conclusive. This may sound discouraging but 
eventually through a morc clcar understanding of soil 
science as a whole a definite pattern may be formed. 
For the present we can only indicate trends with the 
reservation that all trends have cxceptions. 

im@igietaisbed Gigeusision ofespeeific ion adsorp tden, 
aga actors affecting variations in specific ion» adsorp- 
been, ds contained ineGrim (1953), Kelloy (1948), Baver 
(1948) Marshall (1944) and Lutz and Chandler (1946). 
Taskesemplex him of factors precdudesma dcteibcd» prescnta-— 
tion this papersanad only asfewmenerals trends wild 
Dewneted. 

limeoshouldsbe poimicd out thak apparent contra= 
Ret TORS ionic phenomena cxpceramenwal results” Tomin 
part ate to. the Iek of proper technique and failure 
Lomeli Ze Lierpresenceonof factors imnvolvca*witeh" may 
cloud tre final results ame causesmmisinterpreoteationm. 
As an cxamplc, many invostigators use the technigue of 
ohectmodialysisefer rcmeval wi cxchangeable lomaew 
biceLuocuckyoasxconsmciemot passing an chectraceacurrent 


throughegssuspcnaion of dhc minceal boing inves tigatca 








Ais 


in a spect®l cell thus driving off the cxchangeable 
iors. Many Hnveetigators’ mave given conelusive cvidence 
(Grim 1953) that electrodialysis will not completely 
rcmove cxchangeable ions without causing a partim 
bre@kdewn of =the ctay mineradedue to stripping off 
latie m uan sons This Sof course, changes the 
charqesemite Ticwediethc mineral so wthat adserptionsof 
gsubscquent ions is not comparable bctwoen samples be- 
cuac Yeh varying degrcesmoimbrcakdewn and removal of 
Summoeemonseatfcembing thevsadsorpiion of a particular 
Ones Ttechniguerot clectrodinlysis has been used 
Din penca ter percentagbiof investigators sinwpreparing 
samples saturated with ono lon: 

Beier techniques to remove, xecnanecable ions and 
saturate a semplo Witt other ions have” similar defects. 
Versio lse@imwe's tic atberseshavc shown het the type of salt 
used to saturate the clay with ions changes the amount 
of lem@edsierption == Misr is ia part due to anion masking 
eblico tia part bemsuabace structural changes» Prior 
bombea tingi ese mplesmái thag particußkear «Longamosih Ym- 
vestigators remove nll cxisting ions by saturating with 
THERE IOn. Ihre is frequently carmice out by using 
AMS A so Llutiomsot A Cisasiamaltermmate to elecctro- 
dialysis. in saturating with H the acid again attacks 
those lemmer siete ture and 1t has béén found. that 


Pl SvseieemoveCeironevhic lattice and placed in an ex- 
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exchänecabe Position and@thet the cdgcs art” morc sus- 
ceptiblo to breakdown of salica by subsequent usc or 
formo not. Hlkad me solutionses Frequently, therefore, 
when an investigator believes he has a single ion in 
ropitec calbliompositwons he aemuanidy enay haveean eppreelable 
amountrof 41 which may mask effeets of the other ion. 

mother primary difficudtby ine determining «the 
yola bive activit o t lons. 18 in thesactuad. technique 
Oolsmeasaumanguthce basco exchange ¡capecity.es. The pH of 
thuossemple , the type. and vedatíve pemeent of clay din 
cacao tano thewtype of ion prascnt all cause varia- 
Gion in Capacity. MP rigicivacontrolledc te chitiquo must 
be uscd throughout to obtain comparable cxchange capacity 
values» 

That some soil sca@entiststi recognize the various 
shortcomings in Gnvesmicative technique iseindiecated 
in current litcrature where new techniqucs arc being 
aaplerec sans oldwibechmingues revises 

mp ortantriconsidsretuonein cveatbuo time. tomado ta 
00p om imcrubs de.) tac ceonconsmationeof thc en salt weing 
usd bes bechssheaun taste the cf feet ofjeonccntra- 
tonal TAceroplgcingrron Coogmcs upan the deind of cation 
bemnceroplacececn: the rtlatigge waloncemofethc two 
cations. lons of the samc valence are Little affected 
by cRemnge in Senmecmiratiem fons of cifferent valence 


show marked changes in thcwamount of ion replaced. 
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meressinePtloncentration for dificreont valemee ions 
ueunalye results in increasec amounts exchanged. 

Hes reiatvives replacing powcr of ions of the same 
Concentration Varics with’ the type ef mincral. Jenny 
(932) preposcea™that the order of replaccment of “ions 
was re only To lave to thc hyem@ation of tho ions A 
reverse ol “hc sortes of Jory for deh clay mineral 
was founc by other investigators (Grim 1953) to take 
pla corwher en cicohel meeiunm was use instead of water. 
Hendricks, Nelson, and Alexander (1940) have prcsentca 
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Sy once thet etka Ne, H, anc K tems src not hydrated 
when absorbed and that Ca and Li are only partially 
hydrated. Othor investigators (Grim 1953) have suggest- 
ted that the order of replacement is rclated to the 
Doku za on Of the Lem Whiten 16 GclCrminca by Valence 
ANEROS IO “The™mor® “haghly polarized the ion is, 
Uno nore Vil flTCcuLls wus” LO replace. Inc polarization 
imereasos with inferred cence atid decreased- -ion size. 
This approach is rational in view of the adsorption 
Per ces imvoleyeUNpuumencemarain docs net oxplam Pally 
DCAC CONTROL lions. “Ltrs En corroborated 
by the gencral ruile that the polyvalent ions are more 
strongly adsorbcd and held than the monovalent ions. 

ine Iyotropic serics of adsorption and replacement 


of ions was proposed by Jenny (1932). This scries is 


based in gencral upon the hydrated ion size. The 
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smaller thóéPerystal ion, the morc highly hydrated -and 
tae weaker dt asien Tonic ACSORDtiONnseeeIThe H ion, which 
is themmostecitrone la ecdcorbedsand hcld ion, docs not 
conform readily to this theory. Jenny proposcd that 
the H ion entered into a chemical combination with OH 
and © fons in tho -mincral surfaces The recent work 
(Gram 1953)ewhich tends to indieatc thesH-ton is un- 
hydrated may be a better cxplanation. Another suggestion 
iatt the H ion magyewcombine with the fixedewn tcs 
laes in a strong combination. “ihe confirmation 
by physical chemists of the quantity of H,0 in water 
sugecsts a relationship of this type with the fixed 
wr molecules miy bewpassibdo. 

een. ion 1S iso out Ol place in the lyotropic 
screen tho rcplece@mbility serms. K is not me 8529 
Asurcoaı lv. TW most Logical cxpimangtion for “Mis 
appears to be the assumption that some K is partially 
imm@bilizcd «on eho surfae@eé end betwecn thc basal planes 
ob thetperticios. Phe sizer ori the K on wouldepermi 
it te fie in the depmese#ons of the surface sheets. 
Drewes Ferber bomme: outmby=them'ifixation' of Kein 
montmorillonite upon drying the sample. The K becomes 
¡rep loco aBlerdno to its position and increased bonding 
enceng ÚUpen rempval of water ameade cude se Onec gaim, 
however, (Grim 1953) many investigators have shown the 


variation in [iz Waon Or K que to diflferent mimcra ls 
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ona the prowence of othcr adsorbed ions. The ammonia 
ion has boen Tound to sschave in a manner similar to K. 

Me citccet of minoral type on K adsorption and 
PAIS bCCn mnvestag ted by Lovyine and Joffe 
(1947), Barber and Marshall (1952) and others. In 
poner so jor Minerals such =as"ilivtes ind montmorillo- 
paetcsewidl wetainwma cemtalineamnoumt of adsorbcamk 
Montmoritionitcs will retain more than illités since 
seme K Isweleeady Timed be tweon MT te laycrs® Maolin 
WII Six K invany-appreciablc amount. The smaller 
Wie wearbicle thc fastee K is ndsorbeet inMleycr máncrals. 
Mac preea tor the replacement ot Fe and Al for Si tmethe 
mineral the more K adsorbec amd fixcd im irreplacsable 
position. 

Other factors impr tucneme une’ type end amount on 
ion aiisecbod ant tite scnereye om adsorption arco tho pri- 
Sence = or Ovner Lone. SMO s trna turs onis contain a 
mixte CI Twoo TORNE TI CTERT Lem sor Amon the 
soil particles. Many invostigs.tors have detcrmined 
DH. SIP MURO prcstencc cf ne "SF" on ofic over Ton 
on a particular soil. Minor variations in the lyotro- 
pic series of Jenny have been determined, copending upon 
tne ons present, the don being adsorbed and the type 
or mincral. The effeew of anions has also becn studicd 
ana 1n general they reduce a negligible amount the 


quantity of cations adsorbed and causc minor variations 
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mathe lyo wWmopie Bories. 

MWe preseneemet two particular free icons in a 
goil tiagis) causc a great deal of erratic behavior in 
ion @e@serptions. These icns ere Al and Fe. The size 
of thess ions and their high valence may result in 
their wasking attraction for othtr icons from inside 
eae particle. Thesc.itens Rave been. feundeby many in- 
moscas to "cont" the soil particles-excluding other 
TORERO He Second cifect iswthe fermation ofefrec omidcs 
anc heeroxides which may procuce a gel which has ion 
adsorptive powers of its own thus "stcaling" ions from 
tac ases particiles. Foe alsomsertousigaattects mineral 
Ray analysis by clouding specta lines. The remeval 
aoas particularly adifficult glsoisince tocbnigues, 
Weve ly OG... foreremnoval also °cause mineral breakdown. 

Anodher esori sislyecisturcineg factor in inveéstigc 
tion and determination »f ionic phenomena is the effect 
of organic matter. Baver (1930) ane others have deter- 
minds. that ong nic matter imegencral, increases ne 
ion ‘exchamegc capia@citywet the soil mass. Certain orgenic 
compliic» ans form selubile salts Githemonoralent cations 
and insoluble salts with civalent cations (Norman and 
Bartholomew 1943). Other organic decomposition pro- 
ductsmiorm adsorptime wel. lake complexes which remeve 
jons som Geemsoil@gater. Many organic cations memct 


Tiko Irowmeanie cations aad gre adsorber bythe clay 
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Paroles.” Tis has an effect upon the adsorption of 
Morgon L iearlea Ue sre inic ecluvicns are usually 
very large and "mask" more than one cxchange position 
Sone papurere. The subject oF organic ions is covered 
exucngmeoly mn Grim 1905. 

i" meuregpect we can stave thats 1n general, the 
Fyouropnc serics of Jemny will inelcewe the geral 
ticreyew Lon wiich i ns@arc™nel: one acsorbedy, subject 
bo ViEmeuicons in actual soils duc to Mietors Wic ved . 
toe mecmation’ theory is@prabably not tHe explanaticn 
MO us Serica. 

Piers thc bolid? el the author that Lone phensmena 
qecwoireetly relaten to tho buble læger water structure 
brass” under the "Tante Thesry scc tioma An caren 
onen, >I kıenn phenomena related to tom size “and one 
dize o peniaes: Mi ethnew™ievor ctructure of the se 
Water ayer moyeaiocate BS peasibleecxplanatiscn wer 
Dea et tN CSa PASC Na: The variation of the HELIDE 
Uan ra tena WoulC paran example. Due to its Small 
can rear Iyepeassethesuen CNC openings in thes i xed 
Voter ouruckure Enterines Imes a higher cnerey bond on 
tica tic lo surface. The “aletmoa sf the K and Na ions 
would als» fit this theory. This theory would not be 
"Molanket" in its coverage but would have te consider 
the clay mineral and ion ecnerey also. Such an investi- 


gation is beyond the scope cf this paper and may be 
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considcred a separate subject of investigation. 

incl Sse ees C OUT ome menulon must be made of 
onc other factor influencing ionic reactions. Waksman 
(1927), Wimverlkorn (1948), Roberts (1947), Allison and 
Scarscth (1942), Hurwitz and Batchclor (1943) and 
Staskes anc Halvorson (1927) all Show that soil bacteria 
Doy oee eet upon the Soil tons. hurwitz and Batchelor 
iaa mat Micro-cmeanisms in the soil make K mon- 
oxcnamecable by adsorbing it themsclvas. Roberts, Allison 
ana Scarscth anda others shew that bacteria in the soil 
nice neo ADpRBeciablc amounus í ferric iron present 
CA erous iron of ewer valenec. Other bacteria sorbo 
mem usc it. Bacteria also hayo a great. cffect in 
me production of %reenmic ions by ceconmp losing organic 
metres. The ontigc subject of the cffeet of soil bacteria 
OMstens rcqauircs much investiestion. That tho importance 
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ION EFFECTS ON THE ENGINEERING 
PROPERTIES OF SOIL 


The earliest concrete recognition of the possibility 
that ions may affect the engineering properties of soils is 
that of Winterkorn (1936). In 1940, Winterkorn, and separa- 
tely Rapp, presented additional exverimental data on some 
effects of ions on certain soil engineering properties. 

Since that time, the subject has been increasingly recog- 
mezed in engineering literature, but is obviously still not 
very well understood or appreciated by most engineers. This 
is noted from the failure to appreciate its significance ín 
A hait, cement, and calcium chloride soil stabilization by 
most people in those fields. Those who do recognize that 
there are ionic relationships do not know enough about them 
to investigate more fullv. In the large amount of literature 
on calcium chloride soil stabilization, much work has been 
Gee on the effect of varying percentages of calcium chloride 
on soil properties, but the soil constituents, water content, 
and other pertinent factors have never been investigated in 
conjunction with this work. Much of the data is meaningless 
except for application to a particular soil tested. 

The ultimate goal of the effect of ions on soil proper- 
ties is, of course, control of the properties of a soil as 


applicable to the particular engineering apolication being 





considered. Currently, the investigations into control of 


engineering properties may be roughly lumned into three 
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ER EGO Iles ZEimst,zeöntrolzpyzchemical additions in which 
the chemicals enter into energy relationships of an ionic 
nature with the soil particles. Calcium chloride, asphalt, 
Soil cement, and certain organic compounds enter into this 
eaLvegory. Second, electro-osmotic control of soil strength, 
both permanently, by adding ionic comnounds, and temporarily, 
electrical current flow. only.  Thiro, control by chemical 
additions to the soil which enter into a purely "mechanical" 
bonding relationship with soil particles. Organic polymers, 
sulphite liquor and sodium silicate are of this nature. 
Murray (1952) presents a good brief summary of mainly 
chemical-mechanical means. Michaels (1952) presents a con- 
cise summary which covers well the physico-chemical approach 
through ion relationships. Koonce (1954) presents an 
excellent summary of the electro-osmotic field. 
Intmuestigstimerthe literature concerning. the. ette 
Of ions oñ soil engineering properties, there appears to be 
a relationship between the tyne of ion and its effect upon 
the particle water films. Winterkorn (1942, 194&), Grim and 
Cuthbert (1945 a and b), Grim (1948}, Salas and Serratosa 
(1953), Winterkorn and Bauer (1934), Winterkorn and Eckert 
(1940), Lambe (1953), Michaels (1952), Johnson and Davidson 
(1947), and others have all emphasized this voint. The exact 
nature of the effect of ions uvon water-soil particle relat- 


lonship is not clearly defined. Different investigators 
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have suggested various possibilities, but most seem to agree 
that the variation in thickness of the adsorbed water layer, 
above the fixed water layer on the soil particle, is the 
reason for the change in engineering properties with change 
in adsorbed ion. The manner in which the adsorbed ion accom- 
pershes the changeminthickness*of the water layer îs not 
understood, and data is lacking to develop this understanding, 
as previously noted under ionic theory and effects. Preece 
(1947), Salas and Serratosa (1953), Lambe (1953), Chu and 
Davidson (1952), andothers svecifically attribute the change 
in thickness of sdsorbed water to be due to a change in zeta 
Pomentlasdsoccasioned by the» lonw ellhicuconelusion is, logaead 
and in accord with previously noted theory. Winterkorn does 
not vorefer a specific explanation, but states the ion effect 
on the water films is a mechanism about which not enough is 
known to postulate the exact operation. Grim recognizes the 
effect, but like Winterkorn, will not postulate a definite 
relationship. Many investigators prefer the "hydrated ion" 
theory on the basis that the water of hydration of the ion 
varies the adsorbed water layer thickness. As will be noted, 
some data tends to bear this out in that certain properties 
roughly follow Jenny's lyotropic series. Previously noted, 
however, is the doubt as to the hydration of ions. After 
presentation of various data as to the specific effects of 


lions on soil properties, the subject of mechanism of effect 
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will be summarized. 

The logical manner in which to consider ions and soil 
properties is under each of the soil properties individually. 

H peopemuy, Of SOlls Tamiliar to all engineers is plss- 
ticity as determined by the Atterberg limits. The limits 
consist, for engineering purposes, of the liquid limit, the 
plastic limit, and the plastic index. The shrinkage limit 
museca in this category also. The liquid Limit is defined 
as that maximum water content at which the soil first exhibits 
a small, but measurable shear resistance. The plastic limit 
is the water content at which the soil will crumble rather 
than distort plastically uvon decreasing water content from 
the liquid limit. The range of water content between the 
Dietetic limit and Jiguia limit is n relative measure ol 
plastic behavior of the soll, called the plastic index. The 
shrinkage limit is that water content where a further decrease 
in water will not cause a change in void volume or shrinkage 
of the sample. 

The Atterberg limits were originally developed and used 
by the ceramics industry. Russel and Wehr (1928) determined 
that organic content varied the liquid limit and plastic 
index of soils. This is mentioned since adsorbed organic 
ions may have contributed in part to the changes. Endell, 
Loos and Breth (1939) determined that Na increases the liquid 


limit of a quartz-montmorillonite soil, but had little effect 
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on the plastic limit compared to a Ca ion soil. The Na soil 
also held 3 to 4 times as much water as the Ca soil. The 
plastic index was increased about four times for Na. The 
shrinkage limit showed only a small increase for Na soil. 
Winterkorn (1936) showed that for a Na-montmorillonite soil 
increasing concentration of Na in the sample reduced the 
fiqguid and plastic limits and the plastic index. K and Ca 
treatment of the same soil also reduced the liquid and plastic 
limits with increasing concentration of ion. The plastic 
midex increased slightly with increasing concentration of 

Ca and decreased with K. There was not an appreciable effect 
OS NEINKI ge limit except for a notable sudden increase 
at high concentration of Na. 

For a montmorillonite type soil, Salas and Serratosa 
(1953) give the following series of the effect on raising 
She aud limit with Tt havine™the gredtesteTTOCTMERTI , 
Na, K, Ca, Ba. Winterkorn and Moorman (1941) and Winterkorn 
(1942) indicate the following series for the same increase 
Aa TN Ca, Hy nh. Holmes, Roediper, Wirsig 
and Snyder (1943) do not find any appreciable change in any 
limits for different cations. This is believed due to the 
type of soil used. Winterkorn (194?) shows the effect of 
rons on Atterberg linit for four soills. For three soils 


containing a high percentage of clay fraction, the effect 
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was approximately as noted above: Na, Ca, H, Al, Fe, Mg, K, 
im decreasing order of effect. One soil low in clay fraction 
hed the order HRK, Na, Ga. Ganis and Huff (1951) hawe indi- 
cated an increase in plastic index and in liquid limit for 
kaolinite and illite. Grim (1948) indicates an increase in 
liquid limit and plastic index Bor montmorillonite, and a 
tect vontuacroase. for kaolin and illita» 

In summary, we can say that ions affect the liquid limit 
oP laste Index by increasing them, but have little effect 
Sethe plastic limit yor shrinkage limit. Im general, on the 
clay fraction of a soil, the degree of effect is approxi- 
mately in order of the lyotropic series of Jenny. Montmor- 
illonites, which have 2 large water adsorptive capacity on 
interplanor spaces, arc affected the most. Kaolinite and 
Pilivemewemart ecclcdsonly to a snaltedergree. The desreemor 
mon effect is. direetly proportional to the base exchange 
C pacity of the soil] snd clay content. 

It bas been noted by several agricultural soil®%scien- 
tists that adsorbed ions increase the specific gravity of 
the soil.  wWinterkorn (1942) indicatec that the specific 
gravity was affected in the following order of adsorbed ions: 
Nag Cap R, Fes K, Mee, for a montmorillonite type soil with 
Na giving the highest specific gravity. Again we have an 
ro Po that the thickness of the adsorbed water follows 


a rough series similar toythoslyotrepac. 
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Winterkorn (1940b), Winterkorn and Mocrman (1941) indi- 
cate that the adsorptive power of a montmorillonite type soil 
for water followed the same series as for the change in 
liquid limit. Salas and Serratosa (1953) checked the time 
rate of adsorption of water in a mentmorillonite. They found 
that the rate of adscrption cf Ba and Ca soil soon levels off, 
Pecrecastaeevery Slowly. K adsorbed more water than either 
Ba or Ca and levelled off alsc. Ti and Na soil continued to 
Oececbey ir ac 2 fairly constantly increasing rate untill 
tiemcmdnot the test at 220 hours. This difference would 
indicate that the Na and Li ions are slowly adsorbed, and 
hydrate more slowly, or that orientaticn of the adsorbed 
Baer rzeoremues out to a great distance from the particle 
surface at a slow rate. 

swelling of a soil is associated primarily with the 
expanding lattice minerals, and is apparently also a function 
of the adsorbed icn. Winterkcrn (1936) indicated that swell- 
ing decreased as the concentration of ion in the scil water 
was increased, similar to icn concentration effect upon the 
Atterberg limits. Johnsen and Davidson (1947) indicate an 
increase in swelling of a Na kaolinite compared to a Ca 

kaolinite. These would compare to water adsorption for the 
same type mineral. Bower (1948) indicates the swelling varies 
according to the following series with Li producing the great- 


cet: dpe Naga, wba, eh nee Or a montmorillonite tyne soil. 
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A phenomena due mainly to particle size, but involved 
with water relationshins, is frost heave. Beskow (1947 a & b) 
has recuced frost heave rate by using alkaline resins. 
Details were not available. Many investigators of calcium 
emier)dewerfects have indicated it reduces frost heave. 
Slate (1942) indicates that 2% calcium chloride protects 
silt against heave, 1% protects clay, and 1/2% protects 
graded mixtures. Endell (1941) indicates that a Ca-benton- 
ite quartz soil had a rate of heave 1 mm./hr. greater than 
a Na-bentonite quartz soil. Preece (1947) indicates both Ca 
and Na reduced frost heave of a natural soil, with Na reduc- 
ing heave the most. 

Mior to describing further effects of ions on water 
soul re@etionshinvsyeiteis necessary tosbrieflyenote the 
Eo cios on flocculation andedispersion of soil particles. 

Baver (1948) presents an analysis of flocculation being 
due to a change in zeta votential of the adsorbed water and 
change in potential of the particle. Salas and Serratosa 
(1953), Chu and Davidson (1952), Lambe (1953b), and others 
use this concept (originally the work of Jenny and Reite- 
meier). To avoid the complicated relationships between 
particle charge, type of ion on particle and replacing ion, 
we shall simply indicate that flocculation power of common 
ions in decreasing order of power are H, Ca, Mg, K, Na. The 


effect of the anions with the various cations is large. 
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Briefly, the phosvhate and polyphosphate salts of Na 
are the best dispersants. Michaels (1952), Wintermeyer 
(1953), Winterkorn (1936), and others all present data on 
flocculation and dispersion. Puri and Rai (1944) deter- 
mined that a Na soil gave a fine crumb structure which was ` 
not destroyed by water. Ruehrwein and Ward (1952) indicate 
that an organic polycation from Na polymethacrylate was an 
pereccurve rlocculant. this case, floccultion was by the 
Na being attached to the particles and the polymer forming 
long chain molecule bridges between. The recent develop- 
ment of "Krilium", a complex organic polvelectrolyte, indi- 
canes thay the organic ion field may prove fruitful. 

The effect of ions on permeability is a complex mechan- 
ism involving a combination of ion effect on water layer 
pa ckhinesc and flocculation, or dispersion of fine soil pwt- 
cles. Winterkorn and Moorman (1941) present inconclusive 
data on ions and permeability. 

The effect of ions upon the soil Structure is a subject 
for 2 separate paper due to the fctors involved. It con- 
cerns the soil during its formation, effects of ground water 
containing ions, and is involved with flocculation also. 
Lambe (1953) presents a brief outline of effects based upon 
change in potentials. 

Winterkorn and Moorman (1941) indicate an increase from 


a friction angle of 12 degrees for a Na soil to 22 degrees 





een 


for K soil. This is based upon the thinner water films and 
tighter Ploceúulent structure for K than Nae. 

Cohesion in a clay soll, which is most active with ions, 
is directly related to shear resistance. Grim and Cuthbert 
(1945a) indicate that maximum cohesion would occur when the 
clav adsorbed water has a maximum thickness and rigidity for 
a given clay content, and cohesion will be reduced if water 
memes ts greater or less than this critical value. 
Winterkorn and Mocrman (1941), from direct shear tests, 
indicate K gives a higher shear strength than Na. This would 
conform to the water film theory of Grim and Cuthbert. 
Sullivan (1939) made a detailed analysis of ion effect on 
shear Wsaing a ceramic Industry torque mathine. He found the 
following series in order of increasing maximum torque: Li, 
oa Of, wee, ie, Al, Pe, "N oH N This series, except for 
ammonia, follows known proverties of these ions as to floc- 
culating and water orientation characteristics. The order 
oe increasing ylerd porn i clilcwed@ thew same series. “ihe 
Opcer ot increasing angele at maximum tcrque Was Fe, H, AI, 
NH,, Ca; K, Me, Ba, Na, and Li. It was cf interest that the 
proverties of shenr resistance were reduced when the clay was 
saturated with icons on the natural soil sample, compared to 
saturating first with H, then with the ion. This could be 


attributed te incomplete replacement on the natural soil. 
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Winterkorn and Moorman (1941), Preece (1947), Salas 
and Serratosa (1953), Lambe (1953b), Winterkorn (1936) all 
present data on the compressibility of clays and clay soils. 
In general, Na soils have a lower speed of compression, but 
greater total consolidation. The ions again affect consoli- 
dation on the basis of water layer thickness plus, in ions 
cther than Na, complex relationships of energy of attraction 
and repulsion of particles affecting permeability. Roughly, 
duo to Dicher void ratio to start, the, order of amount of 
consolidation is in the decreasing order: Li, Na, Ca, K, 
Ba. Salas and Serratos» (1253) and Lambe (1953b) revort on 
consolidation using organic liquids. This data was not con- 
clusive. It was interesting to note that at higher press- 
Dremotwoonsolidation, the,cffect, of ions is less pronounced. 
he ismeumeested thatwhigh nrossure consolidation tests may 
be an indicia of the cffect and magnitude of ions on total 
eensolidation. 

The important. property of compaction_and ions_has been 
studied by oder (1947*, Johnson (1946), Winterkorn (1940a 
and 1942), Winterkorn and Moorman (1941). Once again, it is 
noted that the effect of ions on adscrbed water layers pro- 
duce differences. In genersl, these ions which produce the 
thicker water layers and orient water better, produce the 
greatest density at lower water content. For a given water 


content, less compactive effort was required for the better 
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water oricnting ions to produce a given density. Na and Ca 
both produce this effect among common ions used with Na 
producing the greatest density for 9 given water content 

and compaction effort. 

The chemical stabilization cf scil has long been a sub- 
et of research, much of it unccerdinated. Under this head- 
ing, we can consider soil-cement and asphalt stabilization. 

ton (1940), from his research into soil cement ratios, 
Wemeluaed that his results indicated a factor in the soil, not 
determined, which Improved scil-cement ratics in certain scils 
by lowering required per cent of cement for equivalent hard- 
ening of soil. Fe attributed the affinity of certain soils 
IM ment bo possible en effects, In this he was correct, 
for detailed investigation by Winterkern (1942) in ions and 
scil-cement ratios, determined that certain ions improved 
the "hardening" (strength) cf scil by cement, considerably. 
There was no definite inclusive series, but the effect varied 
Wit the type of soll with K, We, Ca, H, and Al giving the 
greatest effect. 

Winterkorn (1940a) determined that icons present greatly 
Ano retention and wase cf Stabilization cf scil with 
bitumen. In general, the greater the ion valence and the 
higer the base exchange capacity of the sem, the bevter™rne 
stabilization. Holmes, Rcediger, Wirsig and Snyder (1943) also 


determined ions affect asphalt stabilization. Winterkorn 
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(1940b) again notes the effect cf ions on asphalt stabili- 
zation. 

Slesser (1943) and Slate (1940) determined that calcium 
chloride, applied fer soil stabilization, migrates downward 
and laterally. It was alse determined that sodium chloride 
tends to be carried upward and crystallizes on the surface. 
When chemical stabilizaticn is better understccd and con- 
trelled, the leaching out cf applied chemical and its migra- 
Cion wt liebe important. 

Physico-chemical stabilizaticn using crganic compounds 
has been investigated more thercughly recently. Lambe (1951, 
19538) presents results showing increased soil strength 
using Ca and Na acrylates which are oclymerized. He pro- 
poses that the Na and Ca icns are adsorbed on the soil and 
then attached to the complex organic pclymer which acts 4s 
a chain to tie particles tcgether. 

Smith (1952) reperts ths results cf use of chreme- 
Soni be waquer, Whitw is a waste prcduct, cn stabiivzaticn. 
Results are that it is more effective on clays, perhaps due 
to ion bond than on coarse material. It leaches out of soil 
readily. 

Riedel (1952) and Keil (1953) report on mechanical- 


chemical means of stabilization by formation of silica gels. 
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Organic chemicals have been used to stabilize soil by 
"waterproofing" soil particles. Maclean and Clare (1953) 
report good results with organic resins. Grim (1948, 1953) 
nenorts the possibleseffect of serganicecations being adsorbed 
to the exclusion of water. Beskow (1947) also reports on 
ongani c reainssbeing satisfactory ho neduce, Water intake. 

Adii culty with the use obserganic chemicals which is 
now receiving some attenticn is the destruction and chang- 
ing of organic compounds by soil bacteria. Winterkorn 
(19482), Jones (1948), Eustis (1948), estan (1927), and 
Tschebotarioff and Winterkorn (1947) 211 report the detri- 
mental effect of bacteria upen organic soil stabilizers. 
Recommendations fcr the use of germicides to be included 
with organic compounds are made by Winterkcrn (1948) and 
Jones (1948). 

themsupyect ci thixetresyein soils is of much interest 
to cnginsews osa rtiemlarly» lnemearinemand volcanic clays. 
Maizotropys» in engineering, may besdefined as a icss of 
shear strength of a soil under load, with a time regain of 
strength upon removal of load. Some clays are very "thixo- 
tropic" and many other scils exhibit a similar quality, to 
a lesser degree, when remoulded. Thixotropy in clays is 
usually studied in the "gel system" form, consisting of a 
dense Water sous pension cf sclay., Mine loss of strengthmn 


thixotropy is cemmonly attributed to destructicn cf 





Say = 


adsorbed water orientation. Experiments tend to indicate 
this also. Moretto (1948) indicates thixotropic regain of 
strength is na function of the water content of the clay 
and possibly ion content. No regain was noted at the 
plastic limit while highest regain was at the liquid limit. 
Montmonmeeieni ew, whieh: adiserbethe mesix water, regain 
SLrenethernemmostyewitheililites nexty then kaclinite. Van 
Olohen (1951), in experiments with a Na bentcnite suspension 
W water, indicated a decrease in regain of strength ef the 
Cnr, Wren increasingeccencentravicnwt Na salts up toa 
certain point, at which the regain strength increased 
Saar pivy tc a higher value than at initial concentraticn. 
The only ckplenaticm fcr this is in awesudden reversal of 
reoewmmcuve forces due to interacting potentials between 
Paeuteles., A sharp increase in strength wes ncted also, 
with an increase in regnin time. 

Rose nquist (1953) discovered that marine clavs originally 
deposited in sen water, but from which the salt had been 
leached, were extremely sensitive te remoulding. Loss cf 
strength under load was comolete. He also discovered, how- 
ever, that the additicn of a salt solution (Na) to the 
remoulded clay caused an immediate regain in strength. Some 
marine clays from which salt had been leached were stabil- 


1220, By pucttime. NaCl inte clay by means cf electro osmosis. 
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Skempton (1952) also experimented with msrine clay. 

He confirmed Rosenquist's results. Artificial leaching of 
salt from 2 marine clay made it sensitive and reintroduct- 
ion of salt increased the strength. He attributes regain 
to orientation of adsorbed water. 

Lambe (1953b) discusses thixotrovy also. 

Hirashima (1948) reports on vohysicnl character of a 
volcanic thixotropic clav. No determination of ions was 
made. The clay did have a low, 0.25, silica-sesquioxide 
ratio; which is typical of a tronieal lateric soil. Base 
exchange capacity was high. Minerals were montmorillonite 
Ante, primarily. 

The term, "silica-sesquioxide ratio", has been avoided 
until now, r1ithough the term is much user in soil work.  1t 
denotes the ratio of silica in a scil to the iron and alumi- 
num content, expressed as oxides and is an indicia of the 
Piper olaa. Tac desienacon ol a high silics-ses@uaeride 
Pato USUM y Toman indmein of 2 fairly high ion s@eerotion 
capacity. This is not alwavs true, since a high degree of 
Pine Silt (and silicic acid) ina kaolin or illite clay, 
would give a high ratic which would be very misleading. 
ae, illite and meontmorillcnites mhich have had silica 
replaced with Fe and Al, would give a low ratio and be mis- 
leading. Rapp (1940) conducted tests on the stability cf 


asphalt surfaced rcads cn this basis by determining the 
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Silica sesquioxide ratio and ions present. Reads with 2 
base course silica-sesquioxide ratio of over 1.7 cr under 
“oO Were Ulecereracvery. in thise case, the higher ratic 
scils, above 1.7, dusted readily in dry weather and were 
plastic in wet weather. 

In summary, it can be said that ions definitely ac 
affect the engineering proverties of soil to varying degrees, 
depending upon the minerals present, type of ion, and ion 


water relaticnships. 
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Conclusions: 

sufficient evidence has been presented in the previous 
sections to conclusively illustrate that ions and ion 
exchange in a soil mass influence and alter to varying 
mBeprecs, tmemengincering proverties of the soil. The altera- 
tionsof amscoil mass by ions occurs during its geologic devel- 
opment and is influenced by the parent rock minerals, the 
mode of deposition, the climate, and ground water conditions. 
This veriod of dcvelopment determines to a large extent the 
Pero secondary soll minerals formed. In turn, the™type of 
secondary mineral determines the extent of effect of ions 
umn the scil properties. This process of Tonic exchange in 
soil masses is a dynamic process, continuing, never stable. 
inmenawurai onic exchange in soil, the time factor is such 
that only long term settlement mijght be affected from an 
engineering standpoint. 

The: Uligametempeed In wcnsiderime ionic exchange in soil 
masses is, of course, control of scil properties for engin- 
Crime purposes by memes of artifiellally induced Tonic pheno- 
mena. The primary and immediate gonl is a better understand- 
ing of the mechnnisms and theory involved, to assist the soil 
engineer in properly evaluating and understanding the proper- 
tics of lhe seu. This gorl must be attained, and the base 
science of soils understocd before we can hope to intelli- 


gently modiiysor controls properties. sThistapprcoacimrs 
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little appreciated by many current investigators of artifi- 
cial soil stabilization. This is evident in the method of 
approach to the problem and in the failure to interpret 
results. It is tacitly admitted by some. 

In summary, we have shown that icns can alter scil 
properties. The extent of effect is devendent upon the 
composition of the soil mass and clay mineral present. The 
effect of ions in mcst cases appears to be the influence of 
tems Upen whe sollewatier supreunding the particles» The 
degree of influence of ions upon the soil water is depend- 
ent upen the particular ion. The action of a particular ion 
= i@eluenced by other icns and anions present. Organic 
matter and the degree of decompnesiticn influence ionic 
effects. Bacterial acticn in scil will change both inorg- 
anic and organic matter. The amcunt of scil water available 
affects the degree of effect of the ions. 

Tmesbasıc workaole thecry of rene structura Morao- 
ship to soil particles has beer presented. In brief, it 
consists of the soil particle to which is attached by 
electrostatic bonds, a "fixed' layer of water cf some struct- 
ural network. Next tc this fixed layer is a layer of ori- 
ented Maver, varying in thickness and rigidity with the 
type and amcunt of ion adsorbed in this layer, and the type 
of clay mineral. It is susgested that the ions are also 


within the fixed water structure, entering through the open 
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spaces between water molecules, and are in some cases, 
attached directly te the clayaminenal surface. The type cf 
ion entering the network is dependent upon icn size. 

The exact nature of forces, and causes of variations 
of these forces, which bring about the orientation and fixa- 
tion of water are not known. 

It is apoarent from this research that much investiga- 
tion into the basic science and theory of ionic forces is 
required before = sound theory cf ion-soil relationship can 
be postulated. 

Recommendations for svecific investigstions necessary 
to further cur knowledge cf ions and soil are made in the 
next section. 

It is believed thet this investigation has pointed out 
Somo oe present lack “of bisic knowledge necessary in 
understanding scils. It is nlsc believed that the material 
presented, has in a small wey, ccntributed to a realization 
of the importanco cf a knowledge of bnsic soil science in 
evaluating scil properties in „nginsering. 

The bibliography appended will be cf assistance to 
aves les tors Of s0ccilic phases of ionic phencmena 


and soils. 
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RECOMMENDATIONS FCR _FUTURF INVESTIGATIONS: 

It has been apparent throughout the investigation, 
particularly in engineering properties research, that many 
specific projects are necessary to further our understand- 
Ing alonso relationships. The following outline of 
specific investigations is submitted as necessary to 


increase our knowledge of the subject. 


I. Base Exchange Determination Technique 

As noted previously, orior to undertaking any investi- 
gations involving determination of base exchange capacity, 
a method of determination must be decided upon. The 
eommonly used potentiometric titration is subject to 
error as noted in Grim (1953). A stancard procedure should 
Demcelermaned for engineering usesin testing soils. TA 
Compleve survey of existine Jiterature, of which there is 
a great deal, must be made and specific methods checked 
before establishing standards. Microchemical methods 
recently developed are also subject to error. Suggested 
references are: all Soil Science papers, Kelley (1948), 
Grim (1953), Lutz (1948), Am. Potash (1948), and other 
references in the above books. NOTH: Exchange capacity 


pH should always be staten. 


Ji. Anion Exchange Determination Technigue 


Little has been done on anion exchange and much 
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intormamilions 1semecded. A stemdard method mist again be 
selected . Suggested references are Grim (1953), Vol. 59 


Soil Science. These refer to others. 


Lit. Amion Exchange Capacity of Clay Minerals 

The effect of tvoe of clay mineral and particle size 
of mineral must be determined for various inorganic anions 
commonly used. Grim (1953) and Soil Science. Multiple 


valence of some anions (CI) may have effect. 


IV. dhe Effeet of Anions on Engineering Proverties of Soil 

Pattie is known about thease. Determine the eflect™ or 
various anions on the properties of clay minerals using a 
nie reation such as Sodium. Use Atterberg limits as 
test. Reference Holmes, Roediger, Wirsig and Snyder (1943) 
REESE] STENE, "VE «ttachcda bibliography. 


m eect of Clay Minerol Particle Size Upon base 
Exchange Capacity 


Determine the base exchange of equivalent weights 
OETI Ont Dar tici Size of sach elay mineral F2oup 
using a single cation sart. such an exact GCevermination 


has not been plotted. Suggest oil centrifuge fractiona- 


tion of sample. 
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Vie Detewmimeapton of taegtitect of Ions Upon the Dry 
Strength and Shrinkage of Clay Minerals 


Use several cations and ons mineral at a time. 
Determine grain sizes. Saturate with ions. Determine 
crushing strength and shrinkage limit of cach sample, 
euen daria avda given tember=ture. Oven humidity should 


be checked. Lambe (1953). This may help understand 


ionic forces. 


VII. Determination of Ionic Adsorbed Water Film Strength 
Wee Na ion and- singile elayamineral montmorillonite. 
Saturate with Na. Take samples from batch at time inter- 
vals. Determine water content and consolidate specimen. 
Plot water content as function of time and void-ratio 
Pene le curve. Correlate slope of curves to determine 
effect of vressure and water content as an indicia of 
adsorbed orientod water film" strength by resistance to 
consolidation. Deduct csmotic force. Salas and Serra- 


bose (1988). 


VIII. “he RR et ol Jlons.onmApperent. Particle Size Analysis 
Due to formation of flocs, the partiele Size deter- 

mined by mechanical analysis is not always a good indicia 

of true size. Scme work has been done on the (see refer- 

ences eveamunder diccussilen om flocculation), butor is 


necessary. S@heek Sime ane aly cr=ground quarbz®nnd cy 
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mineral mixtures. Saturate with various icns, single 

anion, and determine particle size change by mechanical 

analyst. 

IX. The Effect of Iron and Aluminum on Ion Adsorption 
Select iron free clay mineral or remove iron (see 

appended references), saturate with ions, attempt to 

exchange Fe and Al, check exchange capacity. Attempt to 


ESA ce With Original ion and compare difference in 


adsorption. 
io Erect of lens and Anions en silica Solubility 


Silica gels aerived from fine silt often mask ionic 

S Cchange reactions by adsorbing icons. Determine effect or 
of common soil icns ane anions en silica (quartz) solubi- 
lity in fine particle size. 
XI. “ihe Efiect cf Anicns on Caticn Bxchange Capacity 

, Use single caticn, several anions. Determine change 
in exchange capacity caused by different anions. Use a 
single particle size clay mineral. 


XII. Mie Electo lenseon Wiiguic Adsorption on Clay 
Minerals 


Reference Winterkcrn and Baver (1934). Much extcnsion 
of this work necessary. 
ALID. “hee et tecrect slemsmenescetie Colloid Gel Volume 

Use given particle size of clay mineral. Use given 
weight of sample dried for given period and temperature. 


Use same weight for each sample, with different ion. 





Tage 
stir suspvemsion of ion saturated dry sample in water. 
Determine volume after given time. Volume will be indicia 
of adscerbed water layer thickness. 

XIV. Whe EREC of Ions upean coil Permeability 
Use single clay mineral of known particle size distri- 
bution. Determine permeability with various ions. Mech- 
anism is cne of adseonbed»watersthickness and fdiecculation 
ane dispersion. 
KERAMIKER ect of tons Upon the Stability of "Quick Sites? 
Determine silt particle size exchange capacity. Deter- 
mine ion effects on stabilizing or reducing "quick" condi- 
ticns. May be none due to water overuling icn effect. 
try using Wer edav as an adi@itwye wc silt. 
XVI. The Migration of Soil Ions 
Use radioactive icons (Ca). Put given quantity in 
natural sollemassmand determine mieratien of ions with 
time and weather comciticns. Use ccunter to check 


migration. 


Many other investigaticns will be suggestec from the 
above brief list. Others suggested are: the effect cf 
erganie ion mon Aubenbere Vimits, crennic ion adscrotien, 
change in adscrbed water prcverties with increase in ion 
concentrat iron noted nrevicusiy by sudden increase at nigh 


Na concentration. 
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